Study on the structure-properties relationship of natural rubber/SiO2 composites modified by a novel multi-functional rubber agent by S. Y. Yang et al.
1. Introduction
In recent years, polymer/inorganic filler composites
have attracted  great attention, not only in industry,
but also in academia, for inorganic filler, such as
silica (SiO2), montmorillonite and halloysite nano  -
tube can introduce great improvement in the mechan-
ical properties of polymer/inorganic filler compos-
ites even at low dosage of filler [1]. Among these
fillers, silica is believed to be one of the most impor-
tant inorganic fillers applied to reinforce rubber vul-
canizates because the compounding of silica offers
a number of advantages on the mechanical proper-
ties of vulcanizates, such as excellent thermal stabil-
ity, tensile strength, good tear and abrasion resist-
ance [2, 3]. However, because of great discrepan-
cies in polarity between the non-polar diene poly-
mer and polar silica, primary particles of SiO2 tend
to aggregate due to the thermo-dynamical incom-
patibility driving force caused by hydrogen bonds
among primary particles [4, 5]. Research revealed
that on a larger scale, up to macroscopic scale, the
silica spatial distribution is homogeneous, with no
sign of connectivity at 5% and with connectivity at
15% [6].
On the other hand, except for the well dispersion of
SiO2 particles, the interfacial adhesion between
polymer matrix and SiO2 particles is another essen-
tial factor for the mechanical properties of compos-
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© BME-PTites [7], as the weak interfacial adhesion would
cause catastrophic damages to the matrix under
applied stress. Thus, improvements in the interfacial
adhesion between the two phases, as well as good
dispersion of inorganic filler particles, have been
realized in the preparation of polymer-filler hybrid
composites using coupling agents [8]. Nakamura et
al. [9] investigated the effect of the number of silox-
ane units on the mechanical properties of polyiso-
prene/SiO2composites by using silanes with dialkoxy
and trialkoxy structures. The reinforcement effect
introduced by the silane treatment of silica was
found depend strongly both on the entanglement
between the silane chain and polyisoprene rubber
matrix and on the crosslinking reaction between the
mercapto group of silane and polyisoprene rubber
in the interfacial region, which is in accordance
with results from other researches [7]. However,
silane coupling agents can only modify the surface
of SiO2, promoting a good dispersion of SiO2 in the
rubber matrix. It has been realized that, except for
the fine-dispersion of filler in rubber matrix, if the
silane coupling agents possess another function of
rubber agents, like acceleration function, the prop-
erties of rubber composites will be significantly
promoted [8].
Moreover, binary accelerator systems are being
widely applied in the rubber industry and become
increasingly popular based on the fact that such
binary systems can effectively facilitate the vulcan-
ization process to be carried out at a lower tempera-
ture within a short time [10–12]. Among these binary
accelerator systems, thiourea (TU) and its deriva-
tives are favorable for improvements in the vulcan-
ization process and mechanical properties of rubber
composites [13, 14]. Kurien and Kuriakose [15] syn-
thesized a sort of TU derivative, namely amidino
thiourea (ATU), and studied the vulcanization prop-
erties of NR with binary accelerator systems includ-
ing tetra  methylthiuram disulphide (TMTD), mer-
capto-benzothiazyl disulphide (MBTS), or cyclo-
hexyl-benzthiazyl-sulphenamide (CBS). The induc-
tion time and optimum curing time of the formula-
tions with ATU or TU were shorter than that of the
control references without ATU or TU. However,
all these TU derivatives only can accelerate the vul-
canization process of rubber composites. Conse-
quently, how to combine the accelerating property of
TU and surface modification function of coupling
agent together still attracted great attentions both in
academy and in industry.
In this work, a multi-functional rubber agent, N-
phenyl-N!-("-triethoxysilane)-propyl thiourea (STU),
was used to prepare NR/SiO2 composites and the
vulcanization property, as well as structure-proper-
ties relationship, was investigated in detail.
2. Experimental
2.1. Materials
Natural rubber ISNR-3 was used, and the other
ingredients, such as zinc oxide (ZnO), stearic acid
(SA), N-cyclohexyl-2-benzothiazole sulfonamide
(CBS), thiourea (TU) and sulfur (S) were commer-
cial grades. Precipitated silica (SiO2), with the par-
ticle diameter of about 900 nm and BET surface
area of 144.44 m2/g, was kindly supplied by Huim-
ing Chemical Industry Co. Ltd, Wanzai County,
China. The synthesis of STU was performed by mix-
ing "-aminopropyl triethoxysilane and phenyl isoth-
iocyanate drop by drop in a stoichiometric level
under the room temperature for 24 hours. The details
in FTIR and 1H-NMR of STU are given as follow:
FTIR, cm–1 (neat): 3275br, (vNH); 3060w, (vCH,
arom.); 2974m, 2927m, 2887m (vCH, alif.); 1597m
(phenyl); 1536s (vCNC, B-band); 1450m (vC–C, arom.);
1165m (vC=S); 1078s (vSi–O–Et) [16–18].
1H-NMR, # (CDCl3): 8.14 (w, 1H, N!H); 7.37 (m, 2H,
Hm,m!); 7.26 (m, 1H, Hp); 7.18 (m, 2H, Ho,o!); 6.25
(w, 1H, NH); 3.73 (s, 6H, ethoxy CH2); 3.61 (m, 2H,
"-CH2); 1.68 (m, 2H,$-CH2); 1.13 (s, 9H, ethoxy
CH3); and 0.55 (m, 2H, %-CH2). The chemistry struc-
ture of STU is displayed in Figure 1.
2.2. Preparation of NR/SiO2 compounds
The formulations of NR/SiO2 compounds are sum-
marized in Table 1 and Table 2.
NR was passed through the roller three times on an
open two-roll mill (160 mm&320 mm) at room tem-
perature with the nip gap of about 1 mm, then other
ingredients, such as SiO2, ZnO, SA, TU or STU, CBS
and sulfur, were added to the glue stock one by one
within ten minutes. After that, the compounds were
stored for eight hours before the rheometer testing.
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Figure 1. The chemistry structure of STU2.3. Characterization
The vulcanization research was carried out by a
MDR (UR-2030SD, U-Can Limited Corporation,
Taiwan, China) at 133°C. The compounds were
cured at 133°C according to their optimum vulcan-
ization time. The mechanical properties, such as
400% modulus, tensile strength, and elongation at
break, were measured according to ISO/DIS37-
1994 specifications. U-CAN electron tensile testing
machine was used with the crosshead speed of
500 mm/min. All mechanical testing was under-
taken at 25°C.
The possible chemical interactions between STU
and SiO2 were probed by infrared spectroscopy (IR)
and X-ray photoelectron spectroscopy (XPS). For
preparation of samples, SiO2 and STU/SiO2 (0.92/30,
phr) model compounds were placed on a vulcaniz-
ing press machine at a setting time of 15 min under
133°C, followed by Soxhlet extraction experiment
of the model compounds using boiling benzene
(100°C) within 24 h, and then were dried to constant
weight. The IR measurement of model compounds
was recorded on a Bruker Vector 33 infrared spec-
troscopy in the range of 4000~400 cm–1. Also, XPS
spectra of the model compounds were recorded by
using an X-ray photoelectron spectrometer (Kratos
Axis Ultra DLD) with an aluminum (mono) K%
source (1486.6 eV). The aluminum K% source was
operated at 15 kV and 10 mA. All core level spectra
were referenced to the C1s neutral carbon peak at
284.7 eV.
The crosslinking density [19] test was performed on
the base of swelling equilibrium measurement. The
swelling equilibrium test was carried out by immers-
ing samples in the toluene for 4 days. After that, the
surface toluene was blotted off quickly with tissue
paper. The specimens were immediately weighed
on an analytical balance and then dried in a vacuum
oven until the samples became constant weight and
reweighed. The calculation was made according to
the reference [20]. 
For the observation by transmission electron micro  -
scopy (TEM), the specimens were ultramicrotomed
into thin pieces of about 100 nm in thickness with
Leica EMUC6 under liquid nitrogen atmosphere.
Then the observations were obtained using a Tecnai
12 transmission electron microscope (FEI Com-
pany, Holland) with an accelerating voltage of
100 kV.
The strain-induced crystallization (SIC) of NR/SiO2
composites was performed on a WAXD apparatus
(Philips X! Pert PRO, Holland) with Ni-filtered Cu
K% radiation(' = 0.154 nm) at a generator voltage of
40 kV and generator current of 40 mA. The 2(
scanning rang was varied from 5 to 30°, with a step
of 0.017° and a measuring time of 16.24 s per step.
The degree of SIC (Xc) is calculated on the basis of
peaks fitting during which a 2( range from 10 to 30°,
including crystalline and amorphous, was taken. Xc
is defined as the ratio between the single integrated
intensity of crystal (200 or 120 reflection was taken)
Ac and the total integrated intensity of crystalline
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Table 1. The formulation of NR/SiO2/STU composites [phr]
Table 2. The formulation of NR/SiO2/TU composites [phr]
Sample NR STU ZnO SA CBS S SiO2
STU-SiO2-0 100.0 0.92 5.0 2.0 2.64 1.5 0.0
STU-SiO2-10 100.0 0.92 5.0 2.0 2.64 1.5 10.0
STU-SiO2-20 100.0 0.92 5.0 2.0 2.64 1.5 20.0
STU-SiO2-30 100.0 0.92 5.0 2.0 2.64 1.5 30.0
STU-SiO2-40 100.0 0.92 5.0 2.0 2.64 1.5 40.0
STU-SiO2-50 100.0 0.92 5.0 2.0 2.64 1.5 50.0
Sample NR TU ZnO SA CBS S SiO2
TU-SiO2-0 100.0 0.20 5.0 2.0 2.64 1.5 0.0
TU-SiO2-10 100.0 0.20 5.0 2.0 2.64 1.5 10.0
TU-SiO2-20 100.0 0.20 5.0 2.0 2.64 1.5 20.0
TU-SiO2-30 100.0 0.20 5.0 2.0 2.64 1.5 30.0
TU-SiO2-40 100.0 0.20 5.0 2.0 2.64 1.5 40.0
TU-SiO2-50 100.0 0.20 5.0 2.0 2.64 1.5 50.0and amorphous peaks Ac+a in the 2(  range, as
expressed in the following Equation (1):
                                            (1)
3. Results and discussions
3.1. Characterization of model compounds
3.1.1. IR spectroscopy
Figure 2 shows the IR spectra of SiO2 and STU/SiO2
model compounds. The peaks at 3441 and 1103 cm–1
are assigned to the stretching vibrations of –OH
groups on the surface of SiO2 and Si–O groups,
respectively. In the spectrum of STU/SiO2 model
compounds, the stretching vibration of Si–O groups
does not change, whereas the peak at 3423 cm–1 is
associated with the stretching vibration of –NH
groups with the bending vibration at 1550 cm–1.
Two reasons may be responsible for the unconspic-
uous representation of –OH groups. First, partial
hydroxyl groups have reacted with the siloxane
groups of STU, leading to a decrease in the amount
of –OH groups. Second, the silane molecules have
grafted to SiO2 particles and covered on the surface
of SiO2 particles, which would give rise to the
shielding effect for –OH groups. In the dotted line
ellipse domain, the peaks located at 2983 and
2945 cm–1 are ascribed to stretching vibrations of
methyl and methylene. Moreover, the characteristic
stretching vibrations of benzene ring (1597 cm–1)
and C=S (1165 cm–1) have disappeared, illuminat-
ing that a pyrolysis reaction of STU occurs during
heating press [21]. 
3.1.2. XPS analysis
In order to substantiate the formation of chemical
bonds between SiO2 and STU, XPS survey was per-
formed on the model compounds. The formation of
Xc 5
Ac
Ac1a
3 100, Xc 5
Ac
Ac1a
3 100,
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Figure 2. The IR spectra of SiO2 and STU/SiO2 model
compounds
Figure 3. The XPS fitting peaks of model compounds: a) O1s and b) Si2p of SiO2; c) O1s and d) Si2p of STU/SiO2chemical bond will cause a variation in the binding
energies of certain atoms related to the chemical
bond. The XPS spectra of SiO2 and STU/SiO2 model
compounds are depicted in Figure 3 and Table 3.
The characteristic signal due to silicon (Si2p at
103.6 eV) of SiO2 is detected, meanwhile, that for
STU/SiO2 model compounds is split into three char-
acteristic signals, 102.8, 103.6 and 104.4 eV, respec-
tively, indicating two new different chemical envi-
ronments of silicon atom have been introduced to
the surface of SiO2. Moreover, one can see that there
are two different binding energies, 532.7 and
533.8 eV, of O1s in pure SiO2, whereas, three evident
peaks are found in the O1s spectra of STU/SiO2
model compounds, confirming the successful mod-
ification of SiO2 particles by STU, as shows in Fig-
ure 4. The silanol groups of STU can react with the
hydroxyl groups on the surface of SiO2 with the
elimination of ethanol [8] and phenyl isothio-
cyanate molecules under heating. The modification
of SiO2 will further prohibit the agglomeration of
SiO2 particles, as well as the physical adsorption of
SiO2 to rubber agents.
3.2. Vulcanization property of NR/SiO2
compounds
The vulcanization parameters of NR/SiO2/TU com-
pounds and NR/SiO2/STU compounds are showed
in Table 4 and Table 5, separately. In Table 4, the
scorch time (Ts1) and optimum curing time (Tc90)
increase with increasing SiO2, even at low SiO2
dosage, indicating that SiO2 particles can delay the
vulcanization process. From the lowest torque
(ML), ML value, as well as the MH value, dramati-
cally change with the incorporation of SiO2, eluci-
dating a bad dispersion of SiO2, that is, particles con-
nectivity, in the NR matrix. In Table 5, the scorch
time (Ts1) and optimum curing time (Tc90) also
increase with increasing SiO2, however, compared
with NR/SiO2/TU compounds, one can see that a
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Table 3. The characteristic parameters of fitting peaks of
model compounds SiO2 and STU/SiO2
Sample Si2p O1s
SiO2 – 103.6 – – 532.7 533.8
STU/SiO2 102.8 103.6 104.4 532.0 532.7 533.4
Figure 4. Schematic of STU modified silica particlesmore moderate increase in the NR/SiO2/STU com-
pounds, suggesting a lower physical adsorption of
SiO2 particles to rubber agents. Meanwhile, when
the incorporation of SiO2 is lower than 30 phr, the
ML or MH of NR/SiO2/STU compounds evolves to
high value slightly, which is quite different from
NR/SiO2/TU compounds. This can be attributed to
the modified effect of STU.
3.3. Morphology of NR/SiO2 composites
TEM technology is competent for analyzing the
dispersed morphology of SiO2 particles in the rub-
ber matrix. Figure 5 is the TEM graphs of STU-
SiO2-30 vulcanizate (a) and TU-SiO2-30 vulcan-
izate (b). As is readily seen, a result can be expected
that the dispersion degree of Figure 5a seems to be
more homogeneous than Figure 5b, which suggests
that STU facilitates SiO2 particles to disperse in NR
matrix uniformly. In Figure 5a, the size of silica
aggregation is reduced to a certain extent and not
evident connectivity of SiO2 particles is found, that
is, the SiO2 particles aggregations have been isolated
by NR rubber matrix due to the modified effect of
STU, as depicts in Figure 4. However, in Figure 5b,
an opposite phenomenon is observed that SiO2 par-
ticles trend to agglomerate seriously and the con-
nectivity between particles has been formed, which
can be assigned to the formation of hydrogen bonds
among SiO2 particles by thermodynamical driving
force [7] and the huge difference in compatibility
between silica particles and NR matrix.
3.4. Strain-induced crystallization (SIC) of
NR/SiO2 composites
It has been recognized long ago that the excellent
tensile property of NR originates from SIC. The
details of strain-induced crystallization of NR/SiO2
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Figure 5. The TEM photographs of STU-SiO2-30 vulcanizate (a) and TU-SiO2-30 vulcanizate (b)
Table 4. The curing characteristics of NR/SiO2/TU com-
pounds (133°C)
Table 5. The curing characteristics of NR/SiO2/STU com-
pounds (133°C)
Sample
Ts1
[min]
Tc90
[min]
ML
[dN!m]
MH
[dN!m]
TU-SiO2-0 1.68 6.77 0.08 13.71
TU-SiO2-10 5.30 11.10 0.28 15.15
TU-SiO2-20 8.68 16.13 0.39 17.30
TU-SiO2-30 8.90 17.78 1.16 22.60
TU-SiO2-40 6.98 18.27 2.79 28.37
TU-SiO2-50 9.03 28.27 4.08 31.07
Sample
Ts1
[min]
Tc90
[min]
ML
[dN!m]
MH
[dN!m]
STU-SiO2-0 3.10 8.15 0.05 13.20
STU-SiO2-10 4.75 9.81 0.10 14.43
STU-SiO2-20 5.63 10.97 0.10 14.97
STU-SiO2-30 6.97 13.52 0.30 18.97
STU-SiO2-40 8.27 18.85 1.75 26.27
STU-SiO2-50 9.53 26.53 5.21 32.66composites experiments have been expressed in
section 2.3. and the crystal index (CI) is calculated
according to Equation (1). In this section, four NR/
SiO2 composites, STU-SiO2-10, STU-SiO2-30, TU-
SiO2-10 and TU-SiO2-30, is adopted to illuminate
the SIC of NR/SiO2 composites according to the
dispersion state of SiO2 in the NR matrix. The dif-
fraction profiles of STU-SiO2-10, STU-SiO2-30,
TU-SiO2-10 and TU-SiO2-30 under different ratio
at the 2( angle range of 5–30° are shown in Figure 6,
indicating that NR is a typical strain-induced crys-
tallization material. Figure 7 illuminates the strain
dependence of CI of NR/SiO2 composites. In Fig-
ure 7a, when the stretching ratio is lower than 2.5,
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Figure 6. Equatorial diffraction profiles at selected strain values of vulcanizates as a function of strain under stretching at
the 2( angle range of 5–30°: STU-SiO2-10 vulcanizate (a), TU-SiO2-10 vulcanizate (b), STU-SiO2-30 vulcan-
izate (c) and TU-SiO2-30 vulcanizate (d)
Figure 7. Variation of CI of NR with different vulcanization systems during the stretching process: filler content at 10 phr (a)
and filler content at 30 phr (b)not crystallization can be observed in STU-SiO2-10
and TU-SiO2-10 composites. After that, a steep up-
turning appears, indicating the orientated NR mole-
cules begin to crystallize. The SIC rate of TU-SiO2-
10 is higher than that of STU-SiO2-10, however, as
the stretching ratio reaches 4, the CI is not apparent
difference between STU-SiO2-10 and TU-SiO2-10.
As one can see in Figure 7b, the initial crystalliza-
tion strains of STU-SiO2-30 and TU-SiO2-30 are at
the stretching ratio of 2, suggesting the incorpora-
tion of SiO2 induces the NR molecules to crystal-
lize. With respect to Figure 7a, the SIC rate of STU-
SiO2-30 increases faster than that of TU-SiO2-30 at
the stretching ratio of 2~3, illustrating the rubber
molecules in STU-SiO2-30 are readily to orientate.
At the stretching ratio of 4, the CI is almost the
same between STU-SiO2-30 and TU-SiO2-30.
3.5. Structure-property relationship of
NR/SiO2 composites
The stress-strain behavior of NR/SiO2 composites
is displayed in Figure 8 and Table 6. Compared the
difference between ML and MH ()M = MH –!ML)
in Table 4 and 5 with the crosslinking densities in
Table 6 for NR/SiO2 composites, the discrepancy
between )M and crosslinking density is mainly
attributed to the hydrodynamic volume effect of filler
and the hardness discrepancy between filler and
rubber [22]. In the NR/SiO2/STU composites, the ten-
sile strength increases with increasing SiO2. As the
addition of SiO2 reaches 30 phr, the maximum ten-
sile strength is about 30.75 MPa, following by a
decrease in the tensile strength with increasing
SiO2, which is the same trend for NR/SiO2/TU com-
posites. However, the maximum tensile strength for
NR/SiO2/TU composites is only 25.52 MPa at the
SiO2 content of 30 phr, which is much lower than
that of NR/SiO2/STU composites. As is shown in
Figure 7, the CI of NR/SiO2 composites are almost
the same at the stretching ratio of 4, so in this work,
for distinct understanding of the enhancement of
STU, 400% modulus of NR/SiO2 composites is
acquired, rather than 100 and 300% modulus. 400%
modulus of NR/SiO2/STU composites is higher than
that of NR/SiO2/TU composites at the same addi-
tion of SiO2, suggesting that the reinforcing mecha-
nism of NR/SiO2/STU composites is quite different
from NR/SiO2/TU composites.
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Figure 8. The stress-strain behavior of NR/SiO2/STU composites (a) and NR/SiO2/TU composites (b)
Table 6. The mechanical performance of NR/SiO2 composites
Sample
400% Modulus
[MPa]
Tensile-strength
[MPa]
Elongation at break
[%]
Ve
[10–4]
STU-SiO2-0 6.08 25.29 553 1.2290
STU-SiO2-10 9.94 24.74 522 1.2180
STU-SiO2-20 10.14 28.35 573 1.0540
STU-SiO2-30 11.26 30.75 609 0.9768
STU-SiO2-40 10.25 28.36 627 0.8505
STU-SiO2-50 8.73 23.11 646 0.5979
TU-SiO2-0 5.53 21.49 534 1.2050
TU-SiO2-10 6.84 24.71 578 1.1140
TU-SiO2-20 8.27 25.09 584 1.0180
TU-SiO2-30 8.79 25.52 602 0.8608
TU-SiO2-40 8.81 22.95 599 0.7152
TU-SiO2-50 8.29 18.07 592 0.5148It is well known that the stress-strain behavior for
filler filled rubber systems is affected by the cross  -
linking density [23], the size of agglomerates formed
by filler [24], rubber/filler interactions [7, 23] and CI
(only for crystal polymer) of rubber matrix. In Table 6
and Figure 7, the crosslinking density (Ve) and total
CI are almost the same for NR/SiO2/STU compos-
ites and NR/SiO2/TU composites at the same dosage
of SiO2, indicating that these three factors on mechan-
ical properties of NR/SiO2 composites can be
ignored. Two main reasons may be taken into con-
sideration to represent the higher mechanical prop-
erties of NR/SiO2/STU composites. First, as depicts
in section 3.3. and Figure 5, the modified effect of
STU gives rise to a fine-dispersion structure of SiO2
in the NR matrix, leading to the small-size effect
and less defects in the interphase of NR matrix and
SiO2 particles [7]. Second, the mechanical proper-
ties are found to be affected strongly by the entan-
glement, maybe the predominant reason, between the
silane chain and NR matrix at the interfacial region,
as illuminates in Figure 9. As described above, STU
molecular chain, more exactly the silane chain, can
graft to the surface of SiO2 particles by the reactions
between the silanol groups and hydroxyl groups of
SiO2 under heating. According to the theory similar
molecules dissolve mutually, the silane chain can
dissolve in the NR matrix, as in Figure 9a, leading
to entanglement between these two molecular chains
at the interfacial region. When an exerted stress is
applied to the matrix, the stress runs along the rub-
ber chain, the reinforcement effect of the formed
interfacial region becomes more effective to influ-
ence the modulus of NR/SiO2/STU composites, lead-
ing to a much higher 400% modulus in the NR/SiO2/
STU composites than that of NR/SiO2/TU compos-
ites at the same addition of SiO2. As in Figure 9b,
when the exerted stress continues to increase, the
deformation of ‘rubber depletion layer’ (often a few
nm distances away or larger [7, 25]) surrounding
SiO2particles would develop [7]. If there are no inter-
actions between NR matrix and SiO2 particles, deco-
hesion would happen at the interfacial region, fol-
lowing by a catastrophic breakage to the compos-
ites under a low tensile strength, like the NR/SiO2/
TU composites. On the other hand, when an entan-
glement exists in the interfacial region, like NR/SiO2/
STU composites, the stress will pass from NR
molecular chains to the filler effectively before dis-
entanglement happens. At the same time, the NR
main chains can slip on the SiO2 particles surface
with the help of silane chains, allowing the network
to relax to a more perfect regime and changing the
local stress condition by means of stress homoge-
nized distribution. These will lead to a much higher
400% modulus and tensile strength in the compos-
ites, like STU-SiO2-30, before disentanglement.
4. Conclusions
Vulcanization property and structure-property rela-
tionship of NR/SiO2 composites modified by a novel
multi-functional rubber agent, STU, are explored
thoroughly. From the IR and XPS spectra, STU can
graft to the surface of SiO2 under heating, reducing
the block vulcanization effect of SiO2 for rubber
vulcanization due to the reduction in the physical
adsorption of SiO2 particles to rubber agents. From
the graphs of TEM, STU can facilitate a fine-dis-
persed structure in the rubber matrix without any
connectivity of SiO2 particles, whereas, for NR/SiO2
composites without modification, serious aggrega-
tion of SiO2 particles is found. Moreover, the strain-
induced crystallization at the stretching ratio of 4
and the crosslinking densities of NR/SiO2 compos-
ites are almost the same at the same dosage of SiO2.
However, the 400% modulus and tensile strength of
NR/SiO2/STU composites are much higher than that
of NR/SiO2/TU composites. Finally, a structure-prop-
erty relationship of NR/SiO2/STU composites is
                                                 Yang et al. – eXPRESS Polymer Letters Vol.8, No.6 (2014) 425–435
                                                                                                    433
Figure 9. The reinforcement mechanism of STU modified
SiO2 in the NR/SiO2/STU composites: before
stretching (a) and after stretching (b)proposed that the silane chain of STU can entangle
with NR molecular chains to form an interfacial
region. When an exerted stress is applied to the
matrix, the stress runs along the rubber chain, the
reinforcement effect of the formed interfacial region
became more effective to the mechanical properties
of NR/SiO2/STU composites.
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